It is not well understood how the ecological status and microbial community composition of spruce swamp forests (SSF) relate to those found in bogs and fens. To clarify this, we investigated biogeochemical parameters and microbial community composition in a bog, a fen and two SSF using high throughput barcoded sequencing of the small ribosomal subunit (SSU) variable region V4. The results demonstrated that the microbial community of SSF is positioned between those of bogs and fens, and this was confirmed by in silico predicted metabolic potentials. This corresponds well with the position of SSF on the trophic gradient and reflects distinct responses of microbial communities to environmental variables. Species richness and microbial diversity increased significantly from bog to fen, with SSF in between, reflecting the variation in pH, nutrient availability and peat decomposability. The archaeal community, dominated by hydrogenotrophic methanogens, was more similar in SSF and the bog compared with the fen. The composition of the bacterial community of SSF was intermediate between those of bog and fen. However, the production of CO 2 (an indicator of peat decomposability) did not differ between SSF and bog, suggesting the limiting effect of low pH and poor litter quality on the functioning of the bacterial community in SSF. These results help to clarify the transitional position of SSF between bogs and fens and showed the strong effect of environmental conditions on microbial community composition and functioning.
Introduction
Peatlands represent a specific type of wetland ecosystem, where organic matter is accumulated over millennia due to the unfavourable conditions for decomposition. They act as a sink of atmospheric CO 2 , but at the same time, a large amount of CH 4 is produced in the water-saturated peat profile and released into the atmosphere (Gorham, 1991) . Despite the importance of peatlands in global carbon (C) cycling and other important ecosystem services, the diversity and functioning of microbial communities in different peatland types is still not fully understood.
Peatlands comprise a wide spectrum of different types, varying in their hydrology, trophic status and vegetation. The composition and function of the microbial community vary according to heterogeneous environmental conditions in peat, such as oxic/anoxic conditions, a wide range of redox potentials, sources of C energy and nutrients (Juottonen et al., 2005; Morales et al., 2006) , and vegetation composition (Fisk et al., 2003) . Consequently, the microbial community differs among peatland types in both community composition and functioning Juottonen et al., 2005; Kim et al., 2008; Lin et al., 2012) . Fens possess greater microbial diversity due to the additional nutrient input from groundwater, higher pH and litter of different quality, compared with nutrient-poor acidic bogs, which receive nutrients mainly from precipitation Kim et al., 2008; Urbanov a et al., 2011; Gupta et al., 2012; Lin et al., 2012) . It is uncertain where spruce swamp forests (SSF) are located on this gradient between bogs and fens. As minerotrophic peatlands, SSF combine both peatland and mineral forest properties and are valued especially for their high spatial heterogeneity and biological diversity, in that they provide a multitude of ecological niches along a wide hydrotopographical gradient (Økland et al., 2008) . Therefore, the microbial community should be expected to have high species and functional diversities.
Microbial diversity has been studied in various individual peatland types, but comparative analyses of different peatland types are still rare and existing studies have focused mainly on specific functional groups of microorganisms, for example, methanogens (Juottonen et al., 2005; Meril€ a et al., 2006) , methanotrophs (Dedysh, 2009; Gupta et al., 2012) or sulphate reducers (Pester et al., 2012) . Other studies described microbial diversity mostly in bogs (Dedysh et al., 2006; Morales et al., 2006; Pankratov et al., 2011; Serkebaeva et al., 2013) , while only a few studies compared both bog and fen microbial communities (Juottonen et al., 2005; Kim et al., 2008; Lin et al., 2012) . These studies found that the most frequent bacteria in peat are the representatives of Proteobacteria and Acidobacteria, which have good adaptations to acidic conditions and exhibit many different lifestyles. The other important bacterial groups typical for peatlands were Actinobacteria, Verrucomicrobia, Planctomycetes, Chloroflexi, Firmicutes and Chlamydiae. The archaeal community has been shown to be dominated by methanogens and their composition varies according to nutrient status and prevailing substrate Juottonen et al., 2005; Metje & Frenzel, 2007) . There is only one study of the microbial community composition of SSF (Sun et al., 2014) , which focused entirely on the surface aerobic layer. These authors did not find any significant differences in microbial community composition compared with other forested peatlands. Their conclusions may, however, be questionable, because any site effect was probably masked by the presence of litter of similar quality.
While these studies revealed some aspects of microbial community composition in peatlands, the abundance and potential functional roles of different groups of microorganisms in distinct peatland types have not been sufficiently addressed. Furthermore, the relationships between biochemical features of distinct peatlands and their microbial community composition are still not fully understood. Among peatland types, SSF have been neglected for a long time, and it is wholly uncertain if the composition and function of their microbial community is more similar to either bog or fen or different from both.
The main goal of our study was to describe the microbial community in an SSF ecosystem and clarify its ecological status in relation to bogs and fens and to identify the similarities and/or uniqueness of their microbial community. Other aims were (a) to explain the differences in microbial community composition with biochemical properties of different peatland types and (b) to determine and compare the metabolic potential of microorganisms in different peatland types.
To address these specific goals, we used high-throughput barcoded sequencing of bacterial and archaeal SSU genes and compared these results with biochemical parameters of the different peatland types. The newly published bioinformatics pipelines (i.e. PICRUSt) allowed us to predict the functional potential of the microbial community. For a more accurate determination of microbial community composition, SSU gene abundances were normalized based on different SSU gene copies in different microbial taxa (Langille et al., 2013) .
Materials and methods

Study sites
The study was carried out in an ombrotrophic bog (BOG), one minerotrophic treeless poor fen (FEN) and two spruce swamp forests (SSF) located in the Sumava Mountains, south-west Czech Republic (48°59 0 N, 13°28 0 E). BOG and SSF are situated on an upland plateau at altitudes from 1100 to 1260 m a.s.l. FEN is located at an altitude of 900 m a.s.l. This mountain region is characterized by a cold and humid climate with a mean annual temperature between 3.2 and 4.0°C and mean annual rainfall between 1000 and 1200 mm according to altitude (1961 to 1990 , statistics by the Czech HydroMeteorological Institute).
BOG is characterized by a well-developed surface structure with hummocks dominated by Andromeda polifolia, Vaccinium uliginosum and Eriophorum vaginatum, hollows with Carex limosa and lawns covered by Trichophorum caespitosum. The moss layer consists of Sphagnum rubellum, S. capillifolium and S. magellanicum on hummocks, while the wetter hollows are covered by S. cuspidatum. The moss layer is absent on lawns. Eriophorum vaginatum is widespread in the SSF, with other sedges and grasses common in wetter microhabitats. Drier microhabitats are characterized by Vaccinium dwarf shrubs. The tree canopy (Picea abies) can vary from 40% to 100%. FEN is characterized by a homogenous surface structure with the dominant Carex rostrata in the field layer and Sphagnum flexuosum in the moss layer. Carex nigra, Viola palustris, Epilobium palustre, Potentilla palustris and Vaccinium oxycoccos are frequent but not abundant.
Soil sampling and analysis
The surface layer of peat (0-30 cm) was sampled in all study sites in autumn 2010, using a corer. Each sample consisted of five subsamples mixed together. Eight samples were taken in BOG (four samples each in the wetter Trichophorum lawns and drier hummocks). In each SSF, six samples were collected, taking into account surface heterogeneity. In FEN, only four samples were taken because of the homogenous vegetation structure. Directly after sampling, the samples were sieved through a 5-mm mesh and stored in tightly closed plastic bags at 4°C for 4 weeks until soil analysis. Half of the samples from each locality were used for DNA analysis, with the soil frozen at À80°C immediately after sieving and stored until analysis. Peat samples included part of the aerobic and part of the anaerobic zones under the mean water table level (see Table 1 ).
The water table was measured manually during the growing season in perforated PVC tubes, whose spacing reflected the soil sampling design on each site.
The soil samples were analysed for total C and N content using a Micro-cube elemental analyser (Elementar, Germany). Total P (P TOT ) was determined by perchloric acid digestion (Kop a cek & Hejzlar, 1993) . Oxalateextractable P (P OX ) was determined by extraction of 2 g of soil with 40 mL of acid ammonium oxalate solution [H 2 C 2 O 4 + (NH 4 ) 2 C 2 O 4 at pH 3] (Cappo et al., 1987) . P OX is supposed to characterize the biological availability of P in the soil (Koopmans et al., 2004) . The C (C mic ) and N (N mic ) contents of soil microbial biomass were measured using the chloroform fumigation-extraction method (Vance et al., 1987) and calculated as the difference between C and N contents in fumigated and non-fumigated samples. Coefficients of 0.38 (Vance et al., 1987) and 0.54 (Brookes et al., 1985) were used to correct the results for soil microbial biomass C and N, respectively. Concentrations of soluble organic carbon (SOC) and total soluble organic nitrogen (TON) in the soil solution were analysed on a LiquiTOC II (Elementar). Total soluble inorganic nitrogen (TIN) was measured with a flow injection analyser (FIA Lachat QC8500). Soil pH was measured after shaking 10 g of each sample briefly with 25 mL of distilled water and letting it stand for 2 h. Bulk density (g dm
À3
) was measured by weighing the intact samples after drying at 70°C.
Aerobic production potential for CO 2 and anaerobic production potential for CH 4 were measured under laboratory conditions. Ten grams of homogenized peat was placed in a glass bottle tightly closed with a rubber stopper. The aerobic samples were regularly ventilated to keep conditions aerobic. In the anaerobic bottles, 10 mL of distilled water was added, the headspace flushed with helium, and the bottles were kept tightly closed for the whole incubation period. Samples were incubated for a period of 50 days at 15°C. Gas in the headspace was sampled each week during the experiment, and the concentrations of CO 2 and CH 4 were determined by gas chromatography. CO 2 was determined using an HP 6850 gas chromatograph (Agilent) equipped with a 0.53 mm 9 15 m HP-Plot Q column and a 0.53 mm 9 15 m HP-Plot Molecular Sieve 5A column and a thermal conductivity detector, using helium as the carrier gas. Methane (CH 4 ) was determined using an HP 6890 gas chromatograph (Agilent) equipped with a 0.53 mm 9 30 m GS-Alumina column and a flame ionization detector, using nitrogen as the carrier gas. , 45 min). Total DNA was quantified using SybrGreen (Leininger et al., 2006) .
Barcoded amplicon sequencing of bacterial and archaeal SSU rRNA genes
The PCR primers (515F/806R) targeted the V4 region of the small ribosomal subunit (SSU) rRNA, previously shown to yield accurate phylogenetic information and to have only few biases against any bacterial taxa (Liu et al., 2007; Bates et al., 2011; Bergmann et al., 2011) . The PCR samples contained 13 lL MO BIO PCR-grade water, 10 lL 5 PRIME HotMasterMix, 0.5 lL each of the forward and reverse primers (0.2 lM final concentration), and 1 lL of genomic DNA. Samples were kept at 94°C for 3 min to denature the DNA, with amplification proceeding for 35 cycles at 94°C for 45 s, 50°C for 60 s, and 72°C for 90 s; a final extension of 10 min at 72°C was added to ensure complete amplification. The reverse primer contained a 12-base error-correcting Golay barcode to facilitate multiplexing. Each sample was amplified in triplicate, combined, quantified using Invitrogen PicoGreen and a plate reader, and equal amounts of DNA from each amplicon were pooled into a single 1.5-mL microcentrifuge tube. Cleaned amplicons were quantified using Picogreen â dsDNA reagent in 10 mM Tris buffer (pH 8.0). A composite sample for sequencing was created by combining equimolar ratios of amplicons from the individual samples and cleaned using the Ultra Clean â htp 96 well PCR clean up kit (MO BIO Laboratories). Purity and concentration of the samples were estimated by spectrophotometry. Amplicons of 250 bp were sequenced pairend (150 9 150 cycles) on the IlluminaMiSeq platform (ARGONE Lab, IL).
Analyses of microbial community composition
Raw pairend reads (150 bp) were joined using ea-utils to obtain reads of c. 250 bp length (Aronesty, 2013) . Quality filtering of reads was applied as described previously . Reads were truncated at a phred quality threshold of 20. Reads which contained ambiguities and reads whose barcode did not match an expected barcode were discarded. We obtained 646 676 sequences after joining and quality trimming. Reads were assigned to operational taxonomic units (OTUs) using a closedreference OTU picking protocol using QIIME 1.8.0 (Caporaso et al., 2010), first with uclust (Edgar, 2010) being applied to search sequences against a subset of the Greengenes database, version 13_05 (DeSantis et al., 2006) filtered at 97% sequence identity. Taxonomy was assigned to each read by accepting the Greengenes taxonomy string of the best matching Greengenes sequence. Because the number of SSU rRNA genes varies from 1 to 15 copies per genome in different bacterial species, normalization of sequence abundance based on SSU gene copies of assigned taxa was performed before further analysis (Langille et al., 2013) . Alpha diversity metrics, Shannon diversity, Chao1 richness and Faith's phylogenetic diversity were calculated after rarefying all samples to the same sequencing depth of 11 000 sequences. Community relatedness was visualized using principal coordinates analysis (PCoA) from weighted Unifrac distances. Prior to computing the Unifrac distances, singleton OTUs (i.e. OTUs with only one sequence) were filtered out as these are likely to represent sequencing or PCR errors and/or chimeras.
Analysis of metabolic potential
In addition to the evaluation of microbial diversity, we implemented the newly developed bioinformatic pipeline PICRUSt (Langille et al., 2013) to address the functional potential in different peatland sites. For this purpose, the closed-reference OTU picking protocol using QIIME 1.8.0 (Caporaso et al., 2010) was used. Sequences were searched against the Greengenes database, version 13_05, and taxonomically assigned using uclust with default parameters (Edgar, 2010) . The OTU table was created after rarefying samples to 15 000 sequences and further analysed using the PICRUSt pipeline on the Galaxy server. The PICRUSt pipeline scans three main functional databases, KEGG, COG and Rfam, and uses the OTU table of assigned taxa and their relative distribution in different samples to generate the relative abundance of functional categories. In the case of the KEGG database, it is possible to group functions into three level subgroups based on different KEGG functional gene ontology affiliation (i.e. metabolism, cellular processes, environmental processing). Data produced by the PICRUSt pipeline were statistically evaluated with the STAMP bioinformatics package (Parks & Beiko, 2010) .
Statistics
One-way ANOVA, followed by post hoc Tukey 0 s HSD test, was used to determine significant differences in biogeochemical parameters between the peatland types. Similarly, differences in the microbial community (relative sequence abundance of bacterial and archaeal phyla) between the three peatland types were investigated by one-way ANOVA followed by Tukey 0 s HSD test. Differences were considered significant at P values < 0.05. Pearson 0 s correlation coefficient (r) was used to assess relations between the relative sequence abundance of bacterial phyla or archaeal classes and environmental variables (STATISTICA 9, Stat Soft).
Principal component analysis (PCA) was used to characterize microbial community variation according to peatland type and selected environmental variables (Canoco 4.5). Data were standardized by species and log-transformed. To test the relationships between community structure and environmental variables, Pearson 0 s correlation coefficients (r) were determined between the first principal component (PCA1) scores of relative abundance and the environmental data.
Differences in environmental variables and relative sequence abundance of bacterial and archaeal phyla between the two SSF sites were tested using Student's t-test. As no significant differences were found between the samples from the two SSF sites, all six samples from these two sites were considered independent replicates unaffected by SSF locality.
Data deposition
The SSU rRNA gene sequence data were deposited in the Qiime sequence database http://microbio.me/qiime/ project ID 2439.
Results
Biogeochemical characteristics of different peatland types
The major biogeochemical and environmental characteristics of the three investigated peatland types are listed in Table 1 , where significant differences between the peatland types are indicated by different letters in rows. The BOG and FEN sites largely showed contrasting biochemical conditions, whereas for SSF most of the variables lay between the values for BOG and FEN (Table 1) . In some cases, SSF was more similar to BOG (e.g. pH, P TOT , N mic , CO 2 production potential) and in others to FEN (e.g. C, N, bulk density). BOG peat was the most acidic (pH = 4.08), had the highest bulk density and contained the highest amount of C and N. By contrast, FEN peat had the highest pH and was the richest in P TOT , P OX and other nutrient variables, such as TON and TIN. Also, microbial biomass (C mic and N mic ) was significantly higher in FEN peat than in BOG and SSF peat (Table 1 ).
Significant differences were found for CO 2 and CH 4 production potentials, which reflect potential microbial activity and peat decomposability. Both of these characteristics were significantly higher in FEN than in BOG and SSF (Table 1 ). The aerobic CO 2 production rate was three times as high in FEN as in BOG and SSF, while anaerobic CH 4 production rate was more than twice as high in FEN as in SSF and 40 times higher than in BOG.
The matrix of correlations (not shown) between environmental variables and bacterial and archaeal relative abundance of OTUs indicated that pH, total C and N contents and potential CO 2 and CH 4 production were the most important environmental factors affecting microbial diversity. There were significant (P < 0.05) positive correlations with pH for most of the bacterial phyla except Acidobacteria, which had a negative correlation with pH (r = À0.81; P < 0.05). A significant negative correlation with total C content was found for Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Actinobacteria, Elusimicrobia, Bacteroidetes, Verrucomicrobia, Chlorobi and Chloroflexi (P < 0.05). By contrast, a significant positive correlation with total C content was found for Acidobacteria (P < 0.05). Similar links were observed with total N content, but most of these correlations were not significant at the 5% level.
Bacterial and archaeal diversity and richness
Before calculating alpha diversity indices, we checked the sequencing effort by calculating Good's coverage. In general, the coverage (in per cent) was very high for all samples and just slightly decreased in the order 98.5 AE 0.2 for BOG, 97.9 AE 0.2 for SSF and 96.2 AE 0.4 for FEN. Species richness as indicated by the Chao 1 index was significantly the lowest in BOG and the highest in FEN (Table 2) . Also, both Shannon and Faith 0 s diversity indices differed significantly. Both indices indicated significantly higher microbial diversity in the FEN site and the lowest in the BOG site, with SSF being in between. The numbers of OTUs which are unique or shared between peatland types are shown in Fig. 1 . Only those OTUs whose absolute abundance after normalization was higher than 1 were included in the analyses. FEN had the highest amount of unique OTUs (582), representing 43% of all FEN OTUs (Fig. 1) . By contrast, BOG had the highest proportion of shared OTUs, with the other two peatland types sharing 67% of all BOG OTUs (Fig. 1) . When the relative abundance of each OTU is taken into account, the 484 OTUs shared between all three types represent 96%, 90% and 72% of total OTU abundance for BOG, SSF and FEN, respectively, while the OTUs unique for BOG, SSF and FEN represent 1%, 3% and 13%, respectively. The SSF shared 24% of their OTUs exclusively with FEN, but only 8% with BOG. BOG and FEN shared the fewest number of common OTUs.
Microbial community composition
Altogether 38 bacterial and three archaeal phyla were identified in peat soils. The most abundant phyla, which accounted for more than 80% of all OTUs, were Acidobacteria, Proteobacteria, Verrucomicrobia and Bacteroidetes (Fig. 2) . Other phyla, such as Actinobacteria, Chlorobi, Chloroflexi, Planctomycetes, Nitrospirae and Elusimicrobia, were detected in all peatland types, but at lower abundances (relative OTU abundance > 1%). In addition, another 28 bacterial and archaeal phyla were identified, but considered as rare (relative OTU abundance < 1%). These rare phyla included Archaea, but not Euryarchaeota, which represented more than 1% of all OTUs in one sample each from BOG and SSF.
Microbial community composition and relative OTU abundance of the major phyla were markedly different between the BOG and FEN sites, with SSF being intermediate (Figs 2 and 3, Table 3 ), which reflected their distinct physical/chemical and biochemical characteristics (Table 1) . Our results showed marked trends for the main bacterial phyla in BOG, SSF and FEN. All peatland types were dominated by Acidobacteria, but their abundance followed the trend BOG > SSF > FEN (80%, 70% and 51% of total bacterial OTUs, respectively), with the abundance in FEN being significantly lower compared with BOG and SSF (P < 0.05; Table 3 ). By contrast, relative OTU abundance of Proteobacteria followed the opposite trend, decreasing from FEN to BOG, with SSF in between. Verrucomicrobia, Bacteroidetes, Actinobacteria and Elusimicrobia were significantly more abundant in FEN compared with BOG ( Fig. 2; Table 3 ). The relative OTU abundance of most bacterial phyla did not differ significantly between BOG and SSF, but the abundance of Verrucomicrobia and Bacteroidetes in SSF, for example, did differ significantly from both BOG and FEN (P > 0.05, Table 3 ).
The four most abundant classes of Proteobacteria (Alpha-, Beta-, Gamma-and Deltaproteobacteria) were used in further analyses because of their distinct lifestyles and metabolic capabilities (Fig. 2, Table 3 ). The relative OTU abundances of Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria decreased significantly from FEN to BOG. SSF was intermediate between the other two types, with relative OTU abundances were not significantly different from FEN (Table 3) . By contrast, BOG had the highest relative OTU abundance affiliated to Deltaproteobacteria (7.5% of all bacterial OTUs), which were represented mostly by the order Syntrophobacterales (7.2% of all OTUs). Syntrophobacterales comprised half of the OTUs affiliated to Deltaproteobacteria in FEN and SSF. The archaeal community showed marked differences between the peatland types, despite the fact that relative OTU abundances of selected archaeal classes did not vary significantly between types due to high variability within sampling sites. Archaeal community composition differed between FEN and the other two peatland types (Fig. 3) . The FEN archaeal community was dominated by Methanobacteria (48% of archaeal OTUs), which were in the minority in SSF and BOG (< 1% of archaeal OTUs). By contrast, BOG and SSF were dominated by Methanomicrobia (68% and 49% of archaeal OTUs, respectively). The class Methanomicrobia was almost entirely composed of the order Methanomicrobiales, representing hydrogenotrophic methanogens. OTUs affiliated to Methanosarcinales were detected in all sites, but at negligible abundance (0.2-0.9% of archaeal OTUs).
Other identified archaeal classes were Thermoplasmata, MBGA, MCG and Thaumarchaeota (Fig. 3) . The abundance of nitrifying Thaumarchaeota decreased from BOG to FEN, as was the case for Thermoplasmata. Marine Benthic Group A (MBGA) represented an important part of the archaeal community in SSF (31%) but only a minority of Archaea in BOG and FEN (Fig. 3) .
Bacterial and archaeal diversity according to peatland type and environmental variables
Principal component analysis based on the relative OTU abundances of the most important bacterial and archaeal phyla (rel. OTU abundance higher than 1%) and selected environmental variables clearly separated the three types of peatlands along the first principal coordinate axis (PCO1) (Fig. 4) . PCO1 explained 60.0% of microbial community variability. The distribution of different microbial groups along PCO1 reflected the trophic gradient from the most nutrient-poor and acidic BOG with high total C and N contents to the less acidic FEN. CO 2 and CH 4 potential productions were also positively correlated with PCO1, as was pH, indicating higher peat decomposability in FEN compared with BOG. PCO1 scores showed significant correlations (P < 0.05) with pH (r = 0.64), C (r = À0.89), N (r = À0.46), and CH 4 (r = 0.89) and CO 2 production (r = 0.82). The second axis (PCO2) explained 15.7% of total variation and separated SSF from BOG and FEN. The relative OTU abundances of bacterial phyla, such as Deltaproteobacteria, Cyanobacteria, Euryarchaeota and Nitrospirae, were negatively correlated with PCO2, while Planctomycetes was positively correlated with PCO2.
Principal coordinate analysis (PCoA) based on UniFrac distances showed the distinctness of microbial communities from different peatland sites (Fig. S1 , Supporting Information) as reflected in the clear separation of the BOG and FEN communities. On the other hand, microbial communities from SSF showed an ambiguous pattern, with some samples being more similar to FEN and others to BOG. The SSF were additionally separated along the second (17% of explained variability) and third (9% of explained variability) PCoA axes.
The PCA analyses of functional diversity showed a pattern of sample distribution between the BOG, SSF and FEN sites (Fig. S2 ) similar to that of the microbial (Figs 4 and S1) . Therefore, the microbial species diversity reflects the functional diversity between our sites. Focusing on the general functional capabilities of different peatland types, we found significant differences in potential carbohydrate and amino acid metabolism and also in biosynthesis of secondary metabolites (Table S2 , Supporting Information). The distribution of COG categories (clusters of orthologous groups) revealed additional specific differences in potential cellulose degradation, which was highest in BOG (Table S3b) , while potential aromatic degradation (i.e. degradation of lignin and polyphenolic compounds) was highest in SSF (Table S3c) .
Discussion Bacterial community composition
In general, the bacterial community was dominated by Acidobacteria and Proteobacteria in all peatland types, followed by Verrucomicrobia, Bactoroidetes, Actinobacteria, Chlorobi, Chloroflexi, Nitrospira and Planctomycetes. The overall bacterial diversity and composition were comparable with those found in other peatlands (Dedysh et al., 2006; Morales et al., 2006; Ausec et al., 2009; Pankratov et al., 2011; Serkebaeva et al., 2013; Sun et al., 2014) .
Acidobacteria are known to favour acidic environments and are able to grow under oligotrophic conditions (Philippot et al., 2010) , while Proteobacteria have been associated with higher availability of C (Fierer et al., 2007) . Therefore, the different relative abundances of Proteobacteria and Acidobacteria in our distinct peatland types might reflect different environmental conditions, such as pH and substrate availability. The relative abundance of Acidobacteria consistently increased with decreasing pH in our study sites, while the proportion of other bacterial phyla increased towards the less acidic FEN (Figs 2 and  4) . The same response of Acidobacteria to pH was found by Hartman et al. (2008) in several wetland sites. Moreover, the ratio between Proteobacteria and Acidobacteria has been suggested to indicate the nutrient status of an ecosystem, with a low ratio indicating nutrient-poor conditions and vice versa (Smit et al., 2001) . The ratio between Proteobacteria and Acidobacteria was 0.15, 0.23 and 0.46 in BOG, SSF and FEN, respectively, indicating the most nutrient-poor conditions occurring in BOG compared with SSF and FEN. This corresponds to the general concept that bogs are very acidic ecosystems with low availability of nutrients compared with fens, while the trophic status and functioning of SSFs have been unclear. Therefore, our study fills this knowledge gap and SSFs can be placed between bogs and fens on the trophic gradient.
We expected SSF to be closer to FEN than BOG due to their similar hydrological regime and their relatively similar microbial communities. FEN offered more favourable conditions for microbes, as indicated by the significantly higher microbial biomass and aerobic potential CO 2 production in this system compared with BOG and SSF (Table 1) . Contrary to our expectation, SSF was more similar to BOG in these biochemical parameters, which was probably caused by the low quality of litter from the predominant spruce trees and dwarf shrubs (Strakov a et al., 2011) , as indicated by the highest C/N ratio (Table 1) . Thus, substrate quality may have prevailed over the effect of hydrology and limited the activity of microorganisms in SSFs. It has been shown previously that peatlands dominated by different plant growth forms, such as Sphagnum/shrubs and sedges, possessed different microbial community composition and activity (Fisk et al., 2003) .
Bacterial groups and their functions
By using the taxonomic affiliation of the SSU gene sequences and applying the newly developed bioinformatic pipeline PICRUSt (Langille et al., 2013) , we were able to evaluate the in-silico metabolic potential of the different peatland types. Langille et al. (2013) tested the predictive power of their pipeline in various ecosystems, including soil, and compared the in silico predicted metagenomes with real metagenomic data obtained from the same locations. They found that for the abundance of functional categories, the correlations between in silico predicted and metagenomically measured gene content approached 0.9 and averaged 0.8. The in silico prediction is based on community composition and taxonomic assignments of 16S rRNA gene sequences, which are then scanned against the whole annotated microbial genomes. Therefore, the in silico prediction of metabolic potential reflects to some extent species composition; however, there is no causality between species diversity and functional diversity. The same function can be performed by different species, and many microbial genes were obtained by lateral gene transfer (i.e. genes for denitrification) and therefore do not reflect the phylogenetic relationships based on 16S rRNA gene analyses (Heylen et al., 2006) .
According to recent studies, Acidobacteria, which dominated the microbial community in our sites, seem to be involved in the degradation of cellulose and aromatic compounds (Ausec et al., 2009; Pankratov et al., 2011) . The results for metabolic potential revealed that the cellulose degradation potential was highest in BOG, where Acidobacteria dominated, while the aromatic degradation potential (i.e. degradation of lignin and polyphenolic compounds) was highest in SSFs (see Table S3b ,c), which might be connected with a higher input of lignin-dominated spruce foliage. Whereas the Acidobacteria seem to be more or less uniform with regard to their metabolism and ecological requirements, Proteobacteria exhibit many different lifestyles and, therefore, the relative abundance of the main proteobacterial classes also varied between the peatland types. Some members of Proteobacteria are known to utilize easily available substrates quickly, as well as having the ability to use different compounds as electron donors. Morales et al. (2006) found the Deltaproteobacteria to be the most frequent and probably the key group in bog ecology, because of their wide spectrum of ecological traits (e.g. sulphate reduction, iron reduction or fermentation). In our study, the majority of the sequences from Deltaproteobacteria were affiliated to the order Syntrophobacterales. Syntrophic bacteria are known as obligate anaerobic secondary fermenters with a capability for sulphate respiration. They produce H 2 as the byproduct of their metabolism, which they can provide to methanogens and/or acetogens by interspecies H 2 transfer (Schink & Stams, 2002) .
High abundances of Proteobacteria and Actinobacteria were found by Sun et al. (2014) in an SSF; however, in our sites, Actinobacteria comprised only a minority of the total microbial community. This discrepancy can be explained by the different sampling design used by Sun et al. (2014) , who sampled only the surface layer of peat, where Actinobacteria participate in the aerobic decomposition of litter (Peltoniemi et al., 2009) . Members of this phylum can produce extracellular enzymes and have enzymatic capabilities comparable with those of fungi. They are known for their ability to degrade cellulose, lignin and other complex biopolymers in different soil habitats (Mccarthy, 1987; le Roes-Hill et al., 2011) , which enable them to survive in environments with low C availability (Fierer et al., 2003) . Recently, it was found that they can dominate the bacterial community in certain arctic habitats where fungi are in the minority (Gittel et al., 2014) . The lower relative abundance of Proteobacteria in our study sites compared with previous studies (Ausec et al., 2009; Serkebaeva et al., 2013; Sun et al., 2014) can be explained by the different approach in sequence abundance recalculation per different OTU. Our OTU abundances were based on the newly developed bioinformatics pipeline PICRUSt (Langille et al., 2013) , which recalculates the average number of SSU gene copies per genome, which can vary from 1 to 15 copies. This normalization helped us avoid overestimation of some groups of microorganisms. For example, without normalization the estimate of the relative abundance of Proteobacteria can be up to twice as high. The previous studies did not use this normalization technique.
Archaea and microorganisms involved in methane cycling
The archaeal community was mostly dominated by methanogenic Archaea, but members of nonmethanogenic Euryarchaeota and Crenarchaeota were also detected in all our study sites. Little attention has been paid to nonmethanogenic Archaea in wetlands and their roles in C cycling, or metabolic pathways are still unclear. The phylum Crenarchaeota is a metabolically very diverse group mostly isolated from anoxic habitats, for example, acidic fen peat (Hamberger et al., 2008; Tian et al., 2012) . In our study, two classes of Crenarchaeota (MBGA, MCG) were detected in all peatland types, and in SSF, they comprised almost half of all archaeal OTUs. The recently reclassified phylum Thaumarchaeota, composed of species with nitrifying capabilities (Herrmann et al., 2012) , comprised the highest proportion in the BOG.
Diversity of methanogenic community has been described to increase along the ecohydrological gradient from bogs towards fens, with CH 4 production following the same trend, production in fens being much greater than in bogs Juottonen et al., 2005) . In our study sites, potential CH 4 production also increased significantly from BOG to FEN with SSF in between. However, the sum of all OTUs assigned to methanogens did not vary much between the peatland types and did not correlate with CH 4 production. These results indicated that higher potential CH 4 production, and thus, methanogenic activity is probably driven by more suitable conditions for methanogenesis (higher substrate availability, higher pH) in FEN compared with BOG and SSFs rather than by different methanogenic community composition. Surprisingly, the taxonomic assignment of the recovered sequences suggested that only the hydrogenotrophic methanogens occurred in all of the studied peatland types, despite their distinct vegetation composition, diverse methanogenic community and CH 4 production. The Methanomicrobiales were the dominant group of methanogens in BOG and SSFs, whereas Methanobacteriales constituted the dominant part of the methanogenic community in FEN. Both of these methanogenic groups are hydrogenotrophic methanogens reducing CO 2 and oxidizing H 2 to form CH 4 . In general, hydrogenotrophic methanogenesis is favoured in acidic peatlands such as bogs and poor fens (Horn et al., 2003; Galand et al., 2005) . Many studies detected hydrogenotrophic Methanobacteriales and Methanomicrobiales together with acetoclastic Methanosarcinales in bog and fen sites, where acetoclastic methanogens represented an important part of the methanogenic community and their relative abundance increased from < 10% in bogs to 40% or more in fens Juottonen et al., 2005; CadilloQuiroz et al., 2006; Metje & Frenzel, 2007) . Moreover, acetoclastic methanogens are assumed to prevail especially in fens with sedges Juottonen et al., 2005; Godin et al., 2012) , because sedges are considered to favour acetoclastic methanogenesis in the root layer due to their provision of acetate (Strom et al., 2003) . Nevertheless, we detected only a negligible number of sequences affiliated to Methanosarcinales capable of acetate splitting in the FEN site despite its high potential CH 4 production and presence of Carex spp. The absence of Methanosarcinales, which require relatively high substrate concentrations (Liesack et al., 2000) , might be related to the activities of the bacterial community which provide or consume substrates for methanogens (Horn et al., 2003; Kotsyurbenko, 2005; Hamberger et al., 2008) . Acetate can be consumed by the secondary syntrophic fermenters, which on the other hand create H 2 for hydrogenotrophic methanogens. Furthermore, acetoclastic methanogenesis appears to be severely inhibited in acidic conditions not only by the low pH or temperature (i.e. in arctic regions), but also by phenolics and other aromatic substances derived from Sphagnum mosses (Horn et al., 2003; Kotsyurbenko et al., 2007; Rooney-Varga et al., 2007; Ye et al., 2012) . Our observations are in agreement with results obtained from Alaskan peatlands and a German bog (Horn et al., 2003; Rooney-Varga et al., 2007) where those authors also did not find acetoclastic methanogenesis. By contrast, Lin et al. (2012) and Kotsyurbenko et al. (2004) found the acetoclastic pathway to be dominant in Siberian and North American bogs. Apparently, specific environmental and nutritional conditions may favour different functional group of methanogens (hydrogenotrophic vs. acetoclastic) in peatlands of the same type in different geographical locations.
Methanogens provide a perfect niche for methane-oxidizing bacteria in peatlands, which represent an important functional group due to their ability to consume CH 4 and thus decrease net CH 4 emissions into the atmosphere. In our study sites, both type I and II methanotrophs were detected. Type II (Methylocystaceae of Alphaproteobacteria) were the dominant methanotrophs and accounted for 1.4%, 1.6% and 2.0% of the total bacterial community in SSF, BOG and FEN, respectively. By contrast, type I Methylococcaceae (Gammaproteobacteria) were less abundant in all peatland types and accounted for a maximum of 0.2% of the total community in FEN. These trends in methanotroph abundance are comparable with other results (Lin et al., 2012; Serkebaeva et al., 2013) . The higher relative abundance of type II methanotrophs can be explained by their tolerance to low O 2 concentrations and ability to fix N 2 (Amaral & Knowles, 1995) , which allow them to thrive in a peatland environment with a high water table and limited N sources (e.g. high C/N ratio). Type II methanotrophs are also known for their lower affinity to CH 4 ; therefore, they dominate in environments with higher CH 4 concentrations (Bender & Conrad, 1995) . Methylacidiphilaceae (phylum Verrucomicrobia) are the third group of microorganisms capable of methanotrophy and have been described from acidic geothermal habitats (Op den Camp et al., 2009) . We detected sequences affiliated to the Methylacidiphilaceae in all three peatland types with an average relative abundance of 0.3% of all OTUs. To the best of our knowledge, this is the first time that Methylacidiphilaceae have been detected in peatland ecosystems.
Our study demonstrated that the SSF microbial community is positioned between bogs and fens. This corresponds well with the position of SSF on the trophic gradient, which reflects distinct responses of microbial communities to environmental variables. From these variables, pH and peat decomposability (represented by CO 2 and CH 4 potential production) appeared to be the most important drivers structuring the microbial community. Also, in silico predicted metabolic potential shows that the microbial community of SSF sites oscillates between BOG and FEN, with some SSF sites being more similar to BOG and others to FEN.
This ambiguous position of SSF was confirmed by the production potentials of CO 2 and CH 4 . While the compositions of the archaeal communities were relatively similar in SSF and BOG compared with FEN, their CH 4 production potentials differed significantly. By contrast, the production of CO 2 as indicator of C mineralization did not mirror the bacterial community structure of SSF, which was positioned between BOG and FEN. We explain this discrepancy with the concurrent effects of low pH and low litter quality, which both limit the functioning of distinct bacterial communities in SSF and BOG in a similar way.
The unique SSF ecosystems are intermediate between bogs and fens, and even small changes in their environmental conditions could probably influence their functioning. Future studies should address the spatial heterogeneity of SSFs with special focus on the effect of understorey vegetation and specific vegetation dominants that might influence local C fluxes in these ecosystems. is greatly acknowledged. We are grateful to the IGSB-NGS Sequencing Core at Argonne National Laboratory for preparing the SSU libraries and completing the sequencing. Dr K. Edwards and Dr G. Kerstiens revised the English in this paper. 
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